The HALT PKD trial in early autosomal dominant polycystic kidney disease (ADPKD) showed that intensive control of systolic blood pressure to 95-110 mmHg was associated with a 14% slower rate of kidney volume growth compared to standard control. It is unclear whether this result was due to greater blockade of the renin-angiotensin-aldosterone system (RAAS) by allowing the use of higher drug doses in the low blood pressure arm, or due to the lower blood pressure per se.
INTRODUCTION
Autosomal Dominant Polycystic Kidney Disease (ADPKD) is the most common potentially fatal monogenic disease, estimated to affect 1:500 to 1:1000 people in the United States [1, 2] , and is the cause of 4-10% of all End-Stage Renal Disease (ESRD) cases worldwide [3] . Hypertension is an almost universal clinical manifestation, often developing in the second or third decade of life [4] [5] [6] . The early onset of hypertension has been attributed, among other factors, to activation of the Renin-Angiotensin-Aldosterone System (RAAS) by the enlarging cysts [7] [8] [9] [10] . Treatment with RAAS blocking drugs reduced the progression of renal disease in animal models of ADPKD [11] [12] [13] . Angiotensin-Converting Enzyme Inhibitors (ACEI) and Angiotensin Receptor Blockers (ARB) have become first-line drugs to treat hypertension in ADPKD, based on experimental data and their benefits for cardiovascular disease [14] [15] [16] [17] .
The HALT PKD trials were designed to test the hypothesis that increased intensity of Blood Pressure (BP) control using primarily RAAS blocking drugs would decrease renal cystic growth and delay or slow the decline in renal function [18] [19] [20] . Study A (Early ADPKD) included young to middleaged adults with preserved renal function and showed that randomization to a very low BP goal (95/60-110/75 mmHg) was associated with a statistically significant 14.2% slower annual increase in Total Kidney Volume (TKV) than randomization to the standard BP goal of 120/70-130/80 mmHg [19] . Because subjects in the low BP arm received higher doses of RAAS blocking drugs, it remains unclear whether the observed difference in renal enlargement was due to the lower BP per se, or due to more intensive blockade of the RAAS by allowing the use of higher drug doses.
We undertook this secondary analysis of HALT PKD Study A to determine whether the dosage of RAAS blocking drugs was associated with the rate of TKV growth or decline in estimated glomerular filtration rate (eGFR) independent of assignment to the low or standard BP arm. We also tested whether lower achieved time-varying BP was correlated with percent change in TKV or with the slope of eGFR decline, independent of the amount of RAAS blocking medications used.
METHODS
The design of the HALT PKD trials (ClinicalTrials.gov NCT00283686 and NCT01885559) and primary results have been published [18] [19] [20] . The trials adhered to the Declaration of Helsinki and were approved by the Institutional Review Boards of each center. Briefly, HALT PKD Study A recruited 558 subjects with early ADPKD, i.e. age 15-49 years and preserved renal function (eGFR > 60 ml/min/1.73m
2 ) [19] . With a 2x2 factorial design, subjects were randomized to a low BP goal (95/60-110/75 mmHg) or to the standard BP goal (120/70-130/80 mmHg) and to either lisinopril (2.5 to 40 mg daily) and placebo (40 or 80 mg daily) or lisinopril (2.5 to 40 mg daily) and telmisartan (40 or 80 mg daily), with other medications added as needed to achieve the assigned BP goal as defined by the mean of several standardized home BP recordings (3 sets of sitting BPs twice a day for at least 5 days every 3 months). The protocol specified the use of hydrochlorothiazide at 12.5 to 25 mg daily as the first add-on medication, followed by metoprolol, followed by calcium channel blockers or other vasodilators if needed. Follow-up was 5-8 years.
The primary outcome for Study A was percent annual change in TKV measured by Magnetic Resonance Imaging (MRI), which was performed at baseline and after 2, 4 and 5 years using methods established by the Consortium for Radiologic Imaging Studies of Polycystic Kidney Disease (CRISP) [21] . Secondary outcomes were the rate of change in eGFR, renal blood flow as determined by MRI [21] , Left Ventricular Mass Index (LVMI) measured by cardiac MRI, change in albuminuria and change in 24-hour urinary excretion of aldosterone. Serum creatinine was determined by Isotope Dilution Mass Spectrometry (IDMS) at the central laboratory of the Cleveland Clinic at baseline, at 4 and 12 months, then every 6 months for up to 8 years, and eGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration (CKD EPI) equation [22] . Mutation analysis was performed in all consenting subjects as described by Heyer et al. [23] .
To determine the intensity of drug dosing, we used an approach similar to the Defined Daily Dose (DDD) categorization adopted by the World Health Organization for drug utilization studies [24] . In its last update from December 20, 2017, the DDD for lisinopril is 10 mg and for telmisartan 40 mg, reflecting the most commonly used doses, not necessarily therapeutically equivalent doses. Because we considered half maximum doses of each drug to be equivalent in terms of RAAS blockade, we defined 20 mg lisinopril as one DED (daily equivalent dose) and 40 mg telmisartan as one DED. Therefore a subject prescribed 40 mg lisinopril plus 80 mg telmisartan would be taking 4 DED, whereas 40 mg lisinopril plus 80 mg placebo would count as 2 DED (because placebo is 0 DED), and 10 mg lisinopril plus 40 mg telmisartan would be 1.5 DED.
We then divided Study A participants into 2 groups based on the DED they were taking at month 4, i.e. after the initial dose titration period. Subjects taking the median DED or more constituted the high dosage group, those taking less than the median DED comprised the low dosage group. Dose information at month 4 was missing for 81 subjects, therefore this analysis was performed on 477 study participants.
Statistical Analysis
Based on the median DED of 1.25 at 4 months, participants were grouped into high (> 1.25 DED; n = 252) and low (< 1.25 DED; n = 225) dosage groups for the main analysis. We compared the baseline demographic and clinical characteristics of participants between the dosage groups using two-sample t-test and Chi Square tests of significance, or their nonparametric counterparts when necessary. Several variables such as TKV, urine aldosterone and urine albumin were log-transformed in order to normalize. All statistical analyses were performed using SAS 9.4.
Linear mixed models were used to assess whether dosage group was predictive of outcomes (LnTKV and post 4-month eGFR slope). Predictors included month, month-by-BP arm, DED group, month-by-DED group, age, gender, and genotype. The latter 3 covariates were included because they predict TKV growth in ADPKD. For eGFR, only post-baseline measures were analyzed. For the LnTKV model, we also included the main effect of BP arm as a covariate due to baseline imbalances. Of interest was whether the interaction between month and DED group was significant. Additionally, we assessed whether gender moderated the effect of DED group on the outcomes of TKV and eGFR. The same linear mixed models above were augmented with an interaction term between gender and DED group as well as the three-way interaction between gender, DED group, and month.
For sensitivity analyses, we ran the same models for TKV and eGFR using quartiles of DED and comparing participants in the lowest DED quartile with those in the highest. Similarly, we compared TKV and eGFR slopes between individuals taking < 1 DED and those taking > 3 DED.
We also determined whether time-varying DED (i.e. using DED measurements across time points) or time-varying achieved home blood pressures (systolic, diastolic, mean) were correlated with annual percent increase in TKV or post 4-month eGFR slope. Similar linear mixed models as above were run with DED and home blood pressures as timevarying covariates instead of as cross-sectional covariates.
RESULTS
The median DED at the end of the 4-month medication titration period was 1.25, and only 10.5% of HALT A participants were taking the full doses of both lisinopril and telmisartan ( Fig. 1) . Mean DED in the low dose group was 0.7 versus 2.3 in the high dose group, a good separation. Baseline characteristics of subjects in the low and high DED groups are shown in Table 1 . The high dose group had more men than the low dose group (65 vs 42%), and as expected, two thirds of subjects in the high DED group had been randomized to the low BP goal compared to only 35% of those in the low DED group. Participants in the high DED group had a higher body mass index and higher systolic and diastolic home BP at baseline, before randomization. They also had higher left ventricular mass index, higher renal blood flow, and lower urinary aldosterone excretion.
Baseline age, height-adjusted TKV (htTKV), urinary albumin excretion, eGFR, and distribution of genotypes and MRI classes (according to the Irazabal [25] imaging classification) were not significantly different between the high and low DED groups ( Table 1) .
Averaged home BPs during the trial were slightly higher in the low compared to the high DED group (115 + 8 vs 113 + 8.5 mmHg for systolic [p = 0.002] and 77 + 6.5 vs 74 + 7 mmHg for diastolic BP [p < 0.001]; Fig. 2 ), but the changes of systolic and diastolic BP over time were not different between the groups. Urine aldosterone levels declined similarly between baseline and month 4 in the 2 DED groups ( Table 2) . Diuretic use during the trial was more common in the high than the low DED group ( Table 2) .
Adjusting for age, sex, genotype and BP arm, TKV increased by 6.7% per year in the high DED group, compared to 5.7% per year in the low DED group (p = 0.008; Fig. 3) . The chronic eGFR slope (from month 4 until the end of the trial) was -2.9 and -3.1 ml/min/ 1.73 m 2 per year for the low and high DED groups, respectively, not significantly different (p = 0.36; Fig. 4 ). There was no interaction between gender and DED on TKV slopes (p = 0.43) or on eGFR slopes (p = 0.96), meaning that the effect of DED on TKV and eGFR did not depend on gender.
Similar trends were observed in the sensitivity analyses when comparing participants in the lowest DED quartile (n = 118; mean DED 0.4) with those in the highest (n = 169; mean DED 2.8): TKV increased by 6 and 6.7% per year (p = 0.17) and eGFR declined by 2.7 and 3 ml/min/1.73 m 2 per year (p = 0.35). When using a third definition of low dose (DED < 1; n = 197; mean DED 0.6) and high dose (DED > 3; n = 75; mean DED 3.7), TKV increased by 5.9 and 6.7% per year in the low and high dose groups (p = 0.14) and eGFR declined by 2.8 and 3.2 ml/min/1.73 m 2 per year (p = 0.33).
A within-person increase of one unit in DED was associated with a slightly steeper increase in TKV by 0.6% if adjusted for the low BP arm (p = 0.0006). A higher timevarying (within-person change) DED had no effect on the slope of chronic eGFR decline (data not shown).
We also examined the relationship between achieved systolic, diastolic, or mean arterial blood pressure (SBP, DBP, MAP) and the rate of TKV enlargement, but found no significant association between time-varying SBP and annual increase in TKV (0.12% per year increase for every 10 mmHg higher SBP; p = 0.35) after adjustment for age, gender, genotype and baseline eGFR. However, for every 10 mmHg higher SBP, there was a significantly steeper decline in eGFR (by 0.2 ml/min/1.73 m 2 per year; p = 0.004) in the chronic phase. There were no relationships between diastolic or mean blood pressures and TKV growth or eGFR decline (data not shown).
DISCUSSION
The HALT trial of early ADPKD (Study A) showed slower TKV growth in participants randomized to a very low BP goal, but the mechanism remained unresolved, particularly the question whether the observed benefit was due to allowing the use of higher doses of RAAS blocking drugs. In this post hoc analysis of HALT Study A we attempt to dissect the effects of the low BP goal from those of higher medication doses. RAAS blockade as a therapeutic strategy for ADPKD is supported by evidence from human and animal studies demonstrating that the RAAS is activated in ADPKD [7] [8] [9] [10] [11] [12] [13] . Increased angiotensin 2 promotes tubular cell proliferation, a prerequisite for cyst enlargement, as well as interstitial inflammation and fibrosis, by stimulating the release of transforming growth factor beta (TGF-) and other cytokines [26] [27] [28] [29] . Angiotensin 2 also decreases renal blood flow, an early finding in ADPKD that precedes the decline in GFR [30, 31] . Therefore, we hypothesized that HALT A participants who received more intense blockade of the RAAS, i.e. higher doses of lisinopril and telmisartan As is inherent in a post-hoc design, several baseline variables were different between the low and high DED groups.
Participants in the high DED group had more difficult to control hypertension, as suggested by their higher body mass index and higher baseline home blood pressures before randomization. Their higher LVMI may have been due to the male predominance in that group, because healthy men have higher LVMI than women [32, 33] . The unexpectedly higher 25 , where MRI class 1A and 2A represent the lowest growth rates for TKV (< 3% per year) and the lowest risk for GFR decline, class 1B and 1C an intermediate risk, and class 1D and 1E the highest TKV-growth rate (> 6% per year) and highest risk for rapid decline in GFR. ACE: angiotensin converting enzyme; ARB: angiotensin receptor blocker; BMI: body mass index; BP: blood pressure; CKD EPI eGFR: estimated glomerular filtration rate using the Chronic Kidney Disease Epidemiology Collaboration equation; DED: daily equivalent dose (see text, Methods section); HTN: hypertension; Lis: lisinopril; MRI: magnetic resonance imaging; NMD: no mutation detected; p25: 25 th percentile; p75: 75 th percentile; PKD1-NT: non-truncating PKD1 mutation; PKD1-T: truncating PKD1 mutation; SD: standard deviation; Tel: telmisartan; TKV: total kidney volume.
renal blood flow and lower aldosterone excretion in the high DED group may also reflect the male predominance in that group as shown by the baseline characteristics of all HALT Study A participants, where men had higher renal blood flow and lower urinary aldosterone excretion than women [34] .
Although two thirds of participants in the high DED group were randomized to the low BP arm compared to approximately one third of the low DED subjects, BP levels during the trial were only slightly lower (by 2 mmHg for SBP and 3 mmHg for DBP) in the high DED group, indicat- ing that high DED participants did not always achieve their BP goal despite higher RAAS-blocking drug doses and more frequent use of diuretics. In contrast to having more severe hypertension, high DED subjects did not have more severe kidney manifestations, as baseline height-adjusted TKV, MRI class and ADPKD genotype distribution, urinary albumin excretion and baseline eGFR were not significantly different between the high and low DED groups. Very likely the severity of hypertension in ADPKD is determined by multiple genetic (e.g. history of hypertension in the unaffected parent) and environmental (e.g. obesity, salt intake, physical activity) factors in addition to the PKD genotype. Fig. (3) . Model-based estimates of percent change in Total Kidney Volume (TKV) from baseline over 60 months by DED group. Point estimates and 95% confidence intervals derived from linear mixed models including predictors for month, BP arm, month-by-BP arm, DED group, month-by-DED group, age, gender, and genotype. Numbers of participants in the 2 groups who had TKV measurements at the 4 time points are stated at the bottom of the figure. Fig. (4) . Model-based estimates of post-baseline eGFR over 96 months by DED group. Point estimates and 95% confidence intervals derived from linear mixed models including predictors for month, month-by-BP arm, DED group, month-by-DED group, age, gender, and genotype. Numbers of participants in the 2 groups who had eGFR determinations at the indicated time points are stated at the bottom of the figure.
The fact that almost two thirds of subjects in the high DED group were men, despite gender-balanced randomization to the low BP goal and to combination (ACEI + ARB) treatment [34] , suggests that men with ADPKD have more severe hypertension than women of similar age, therefore requiring higher doses of BP medications to achieve the BP goal. Previous natural history studies of ADPKD also reported that hypertension was significantly more common in men than women of the same age (mean 32 years), and BP was significantly higher in men than women in both the hypertensive and normotensive groups, despite normal renal function [35] . A subsequent much larger study confirmed these findings, which were attributed to the greater male predisposition for hypertension in the general population [35, 36] . Experimental studies show that estrogens inhibit the ACE/angiotensin-2-receptor axis while upregulating the vasodilatory peptide angiotensin-(1-7), thus contributing to lower BP in females compared to males [37] . Therefore we examined whether gender modulated the effect of DED on the outcomes TKV and eGFR, but this was not the case. Interestingly, a pre-specified subgroup analysis of HALT Study A revealed that the benefit of the low BP goal for limiting kidney growth was significant only in men but not in women [19] , possibly because men have higher cyst growth rates [25] and more severe hypertension. Faster TKV progression in men compared to women was also observed in the trial of tolvaptan for ADPKD, the TEMPO 3:4 trial [38] . Higher male TKV growth rates likely account for the unexpected finding of faster TKV enlargement in the high DED group which had significantly more men than women. Because HALT Study A recruited participants younger than 50 years, the vast majority of women were premenopausal.
How targeting a very low BP goal might lead to reduced cystic kidney growth remains unclear. It is possible that the polycystic kidney is exquisitely sensitive to hypertensive damage, causing ischemia and oxidative stress, which lead to activation of growth factors and release of inflammatory and profibrotic cytokines. Renal injury, whether nephrotoxic or ischemic, in animal models of PKD acts as a "third hit" to accelerate cystogenesis [39] [40] [41] . Consistent with this hypothesis, in HALT Study A urinary albumin excretion, an indicator of microvascular and glomerular damage, decreased only in the low BP arm but increased in the standard BP arm [19] .
We also examined whether achieved BP level was associated with percent increase in TKV or slope of eGFR decline. There was no correlation between time-varying systolic, diastolic or mean home BP with TKV growth. However, for every 10 mmHg higher SBP there was a significantly steeper decline in eGFR. Although the difference of 0.2 ml/min/1.73 m 2 per year appears to be very small, it adds up over a lifetime and does suggest that low BP helps to preserve renal function in ADPKD. Because BP was treated to a goal of less than 130/80 mmHg in all participants, we cannot assess the effects of a higher BP goal, e.g. < 140/90 mmHg as recommended by the Eighth Joint National Committee (JNC 8) guidelines of 2014 [42] .
Other investigators have assessed the relationships between achieved BP and kidney disease progression. A pooled patient-level analysis of 11 randomized trials involving 1860 subjects with nondiabetic chronic kidney disease suggested that an achieved SBP of 110-129 mmHg was associated with the lowest risk for doubling of serum creatinine or ESRD [43] , and people with diabetic nephropathy who achieved SBP 120-130 mmHg had improved patient and renal survival [44] . In the Chronic Renal Insufficiency Cohort (CRIC) Study a time-updated SBP of less than 120 mmHg was associated with a significantly lower hazard of developing ESRD than higher SBP [45] . Similar findings were reported from the VA NEPHRON-D (Veteran Affairs Nephropathy in Diabetes) Trial [46] . Although these observations are derived from secondary analyses that may suffer from confounding by disease severity [47] , they all show that low SBP levels are associated with slower progression of various kidney diseases. Our post hoc analysis of HALT Study A suggests that this may also be true for ADPKD.
Limitations of this study are the relatively small number of participants (n = 477), the differences in baseline characteristics between the low and high DED groups, and the limited follow-up time for a disease that progresses over decades. The target range for systolic BP was very low and narrow (95-130 mmHg), limiting the magnitude of differences in outcomes. We did not assess the effects of uncontrolled hypertension.
CONCLUSION
In conclusion, the primary intention-to-treat analysis of HALT PKD Study A supports a very low BP target (95/60 to 110/70 mmHg) for young to middle-aged adults with ADPKD and preserved renal function [19] . As shown here, the observed benefit on TKV enlargement was not simply due to allowing the use of higher doses of RAAS blocking drugs in the low BP arm and occurred despite the greater use of diuretics [19] which stimulate the RAAS. The relationship between the severity of hypertension and renal cystic disease is complex and depends on gender, among other factors. Achievement of low systolic blood pressure in early ADPKD is associated with a slower loss of renal function.
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